Host-selective toxin from Helminthosporium maydis race T inhibited oxidative phosphorylation (AT32P formation) and stimulated ATPase activity by mitochondrin from male-sterile (T) but not from normal (N) cytoplasm maize (Zea mays L.). Toxin increased the rate of NADH oxidation, but succinate oxidation was slightly, and malate-pyruvate oxidation was strongly inhibited as the associated ATP formation was abolished. There was a 1-minute lag before toxin gave maximal stimulation of NADH oxidation; the responses to 2,4-dinitrophenol and valinomycin were immediate. There was also a delay in the effect of toxin on ATP formation. T mitochondria were more sensitive than were N mitochondria to uncoupling by nigericin plus K+; there was no evidence, however, that the action of toxin is related to that of nigericin or other ionophores. With NADH as the substrate, the degree of uncoupling increased with increases in toxin concentration up to a saturatng level; kinetics of the response suggested reversibility. T mitochondria exposed to toxin for 5 minutes regained normal rates of respiration and of ATP formation when they were washed with toxin-free medium, showing that the uncoupling effect is reversible. Evidently HM-T toxin does not bind flnnly to its site(s) of action, in contrast to reports for another hostselective toxin.
Maize (Zea mays L.) with an extranuclear or cytoplasmic gene for male sterility (Texas male sterile cytoplasm, Tmsc or T) is highly susceptible to Helminthosporium maydis race T. Susceptible maize is also highly sensitive to a low mol wt substance (HM-T toxin) released by the causal fungus. Resistant (N cytoplasm, or N) maize and other plant species are resistant to the fungus and insensitive to the toxin. Mitochondria isolated from susceptible tissue are very sensitive to HM-T toxin (14) whereas mitochondria from resistant maize will tolerate at least 1000 times higher concentrations. The mitochondrion appears to contain a major primary site for action of toxin, although sites in addition to the mitochondrial site are not entirely eliminated (1, 3) .
Other known host-selective toxins do not affect isolated organelles (20) , and sensitivities to the other toxins are determined by nuclear genes rather than by cytoplasmic factors.
Mitochondria isolated from susceptible (T) maize seedlings are known to swell at an accelerated rate (9) and to lose respira-tory control after exposure to HM-T toxin (14) , indicating an uncoupling effect. We report here further studies that confirm and extend previous work on the effects of HM-T toxin on the mitochondrial site. Included are data on effects of toxin on AT32P formation and on ATP hydrolysis by isolated mitochondria.
A major objective of this work was to obtain some understanding of the nature of the relationship between HM-T toxin and its site of action in the cell. Our results indicate a relationship of HM-T toxin with its site of action which differs radically from that suggested by Strobel (22) for toxin from Helminthosporium sacchari.
MATERIALS AND METHODS Toxin Preparation. H. maydis race T was grown for 12 to 15 days at 21 to 23 C in Roux bottles, each containing 200 ml of a modified Fries' No. 3 medium (17) plus yeast extract (0.1%). The filtered culture fluids were adjusted to pH 3.5 and concentrated in a rotary evaporator at reduced pressure to 10% of the original volume, at a temperature not exceeding 35 C. Two volumes of methanol were added, and the preparation was held overnight at 4 C; the precipitate was removed, followed by removal of methanol at reduced pressure. The aqueous solution was brought to 20% of the original harvested volume and partitioned six times with equal volumes of chloroform. Chloroform extracts were pooled, concentrated in vacuo, and dissolved in water. The solution was concentrated to 1% of the harvested volume and frozen (-15 C) in 1-ml aliquots. Toxin prepared in this way was stable in storage (-15 C). More highly purified toxin preparations had the same qualitative effects as the preparations used in this study, but were not used because of instability.
Several different batches of toxin preparations were used; all had about the same activity against mitochondria. Inactivated toxin, used as a control in some experiments, was prepared by sealing 1-ml (13) were used to isolate mitochondria from leaves and coleoptiles of seedlings grown in the dark for 1 week. Shoots were cut into 1-cm pieces and 75-g samples were chilled for 1 hr prior to grinding (without sand) for 1 min with a cold mortar and pestle. The grinding medium (150 ml) contained 0.4 M sucrose, 3 mm HEPES-NaOH (pH 7.5, 22 C), 5 mM EDTA, 0.05% cysteine, and 0.1% BSA. The homogenate was filtered through eight layers of washed cheesecloth and centrifuged for 5 min at 28,000g. The pellets were resuspended in 30 ml of a modified grinding medium (minus cysteine); the suspension was centrifuged for 3 min at 2500g to remove cell debris. The supernatant layer was centrifuged at 28,000g for 5 min; the final pellet was suspended in 2 ml of 0.4 M sucrose. Filner's procedure (6) Adenosine Triphosphatase. The reaction medium for mitochondrial ATPase activity contained 0.2 M KCI, 0.02 M HEPESNaOH (pH 7.5, 22 C), 0.1% BSA, 2 mM MgCI2, and 6.66 mM ATP, in a total volume of 3 ml. The mitochondrial suspension was added to the medium to a final concentration of 1 mg protein/ml, and the mixture was incubated at 30 C. At intervals, 0.5-ml aliquots were removed and mixed with 3 ml cold 0.5 N trichloroacetic acid. Precipitated protein was removed by centrifugation, and the supernatant was assayed for Pi by the colorimetric method of Sumner (23) with minor modifications.
RESULTS
Effects of Toxin and Uncoupling Agents on NADH Oxidation and Associated Phosphorylation. Mitochondria were preincubated for 3 min in a medium containing KCI, buffer, ADP, and Mg2+; NADH was then added and the mixture was incubated for 1 to 2 min before Pi or an uncoupler was added. In the absence of toxin, oxidation rates for T mitochondria in the presence or absence of Pi were comparable to those reported by other workers (12, 13) . Toxin and each of the uncoupling agents caused an increase in the rate of 02 uptake, as did the addition of Pi. Dinitrophenol, Pi, and valinomycin caused immediate increases (lag, <10 sec) whereas with toxin there was a 60-sec lag before the maximal rate of 02 uptake was established (Fig. 1) . Several different batches of mitochondria were used for the data shown in Figure 1 ; however, toxin and each uncoupler were used in several experiments with comparable results. A lag in the effect of toxin on ATP formation was also evident (Table I) . When toxin plus Pi were added together, there was a rapid response in electron transport; Pi alone caused a rapid but less dramatic response. In subsequent experiments, toxin was added to mitochondria 2 to 3 min before the substrate was added. Mitochondria from resistant seedlings were not affected, even when the concentration of HM-T toxin was very high (500 Ag/ ml). The Table I .
Delayed Effect of HM-T Toxin on Oxidative Phosphorylation by Mitochondria from T-cytoplasm Maize
In treatment A, mitochondria were pre-incubated for 3 min in the medium containing buffer, ADP and Mg2+; substrate (NADH) was then added and the mixture was incubated for 1 min before 32pi was added.
In treatment B, toxin (0.6 jg) was added innediately before the addition of 3'Pi. In treatment C, toxin was present from the beginning of the preincuba jon period. In all cases the reaction time after the addition of Pi was 3 min. See Fig. 1 for the basic components of the reaction medium. a/After addition of 32Pi all substrates tested and to dinitrophenol. Toxin at several different concentrations was tested for effects on NADH oxidation and associated phosphorylation by susceptible mitochondria. The slow rate of respiration in the absence of Pi, but with ADP present, was accelerated by toxin; there were rate increases with increases in toxin concentration, until the rate was near that for phosphorylating conditions (Fig. 2) . Toxin did not inhibit or stimulate electron transport under phosphorylating conditions (+ADP, +Pi). Phosphorylation, however, was increasingly inhibited with increases in toxin concentrations up to 1.1 ,ug/ml; toxin at 0.5 ,ug/ml caused a 50% decrease in the P/O ratio (Fig. 2) mM HEPES-NaOH (pH 7.5), 2 mM MgCI2, and 2 mg BSA. After toxininduced absorbance changes were determined, gramicidin D (final concentration, 1 EAM) was added to the suspension to determine maximum swelling capacity (top line). Phosphorylation was assayed in a parallel experiment using a reaction mixture that contained, in addition to the above ingredients, 0.5 mm NADH, 1 mm ADP, and 2.5 mM 3Pi. Reaction time was 3 min at 28 C. lated with decreases in P/O values (Fig. 3) . Susceptible mitochondria did not respond to inactivated toxin; when active toxin was then added, there was a swelling response.
Effects of Toxin on Oxidation and Phosphorylation, with Succinate and Pyruvate as Substrates. HM-T toxin, at concentrations that abolished phosphorylation with NADH, had little or no effect on oxidation of succinate by T mitochondria under nonphosphorylating (-Pi) conditions. Under phosphorylating conditions (+ADP, +Pi), toxin inhibited electron transport to the level obtained under nonphosphorylating conditions. Malate-pyruvate oxidation was strongly inhibited by toxin, under both phosphorylating and nonphosphorylating conditions; coupling was also affected, as shown by decreases in P/O ratios (Table II) . These experiments with 32P confirm in general the findings of others (9, 14) , based on experiments with "state III" and "state IV" respiration. However, our data show less inhibition of succinate oxidation by toxin than was reported elsewhere (14) . The effects of relatively low levels of toxin (0.5 p.g/ml) on mitochondria from T cytoplasm plants are shown in Table II; higher concentrations (>3.0 ,tg/ml) completely abolished ATP formation, with all substrates tested. Mitochondria from N cytoplasm maize were not affected by HM-T toxin at concentrations 1000 times higher than those that caused significant uncoupling in susceptible mitochondria.
Effects of Toxin on Hydrolysis of ATP by Mitochondria. Mitochondria were exposed to HM-T toxin or to 2,4-dinitrophenol at concentrations that cause severe uncoupling (Figs. 2 and  3) ; the ability to hydrolyze ATP was then compared with that of control mitochondria (without toxin). Toxin at 0.6 and 6.0 ,ug/ ml caused significant increases in hydrolysis of ATP by T but not by N mitochondria (Fig. 4) . Dinitrophenol stimulated ATPase activity by both types of mitochondria to approximately the same degree. The experiment was repeated four times with comparable results.
Comparative Effects of Toxin and Nigericin. Mitochondria from T and N cytoplasm plants were treated with nigericin (a gift from the Eli Lilly Co.), in the presence of NADH and K+. Under nonphosphorylating conditions, 02 uptake by T mitochondria was increased after exposure to nigericin, but there was no significant effect on N mitochondria (Table III) . In another experiment, nigericin-induced 02 uptake by T mitochondria was increased further (+40%) by the addition of HM-T toxin. Under phosphorylating conditions, 02 uptake was inhibited somewhat in N (-10 to -29%) and in T mitochondria (-6 to -14%). Nigericin plus K+ gave more uncoupling in T mitochondria than in N mitochondria (Table III) .
Recovery of Mitochondria from the Effects of Toxin. Susceptible (T cytoplasm) mitochondria were exposed to a toxin concentration that was known to cause 50% inhibition of oxidative phosphorylation. Control mitochondria were placed in a reaction mixture without toxin. After incubation for 5 min, each mitochondrial suspension was diluted with 10 volumes of wash- Table II .
Effects of HM-T Toxin on Oxidative Phosphorylation by Mitochondria from T-and N-Cytoplasm Maize
The basic reaction mixture is given in Fig. 1 from the ambient solution. Therefore, toxin was added to a mitochondrial suspension that had twice as much protein as that used to determine the 50% inhibition point. After incubation for 5 min, the mitochondria were removed by centrifugation, and fresh mitochondria were added to the supernatant solution. If the first batch of mitochondria had removed a significant amount of toxin from solution, then the effect of the supernatant on the second batch of mitochondria should be less than that predicted by the data shown in Figure 2 . Results showed that essentially all toxin remained in solution; little or none was removed by the first batch of mitochondria. DISCUSSION HM-T toxin can stimulate or inhibit mitochondrial respiration and reduce both respiratory control and ADP/O ratios, as shown first by Miller and Koeppe (14) . The degree of such responses depends in part on the substrate. We have extended this work to show a decrease in the 32Pi incorporated into ATP and to demonstrate the dual action of toxin as an uncoupler/inhibitor of succinate and malate-pyruvate oxidations. Inhibition of mitochondrial respiration by uncouplers is not unusual; some examples involving mitochondria from maize are the inhibitions of malate oxidation by dinitrophenol (4), succinate oxidation by gramicidin (12) , and both succinate and malate-pyruvate oxidations by decenylsuccinic acid (10) . We also observed a toxininduced increase in hydrolysis of ATP by mitochondria; stimulation of mitochondrial ATPase activity by uncoupling agents is well known. In "Standard treatment", mitochondria were pre-incubated for 3 min in the reaction medium (minus Pi and substrate) in the presence (+) or absence (-) of toxin; 32Pi plus substrate was then added, and oxidative phosphorylation in the same medium was determined. In "After incubation and washing" treatments, both the toxin-preincubated (+) and control (-) mitochondria were washed, resuspended in fresh, toxin-free medium and then tested for oxidative phosphorylation. Reaction media and conditions are given in Fig. 1 Gengenbach et al. (9) postulated that HM-T toxin inhibits substrate oxidations by causing swelling and leaching of mitochondria, or by causing conformational changes in enzymes. They also suggested that the toxin-induced increase in NADH oxidation may be caued by increased accessibility of the enzymes to NADH. However, a more conventional hypothesis is that stimulation of NADH oxidation is the result of decreased accumulation of high energy intermediates. Such an interpretation fits the observation that the rate of oxidation in the presence of toxin reaches but does not exceed the rate that occurs under conditions that allow phosphorylation (+ADP, +Pi).
Gengenbach et al. (8) compared the sensitivity of mitochondria from T and N cytoplasm plants to uncoupling agents and ionophores, hoping for clues to the nature of action by HM-T toxin. They reported that gramicidin and 2,4-dinitrophenol caused more stimulation of NADH oxidation in T than in N mitochondria, and that valinomycin, decenylsuccinic acid, and sodium azide caused equal stimulations or inhibitions in the two kinds of mitochondria. Valinomycin, gramicidin, and decenylsuccinic acid caused more swelling of N than of T mitochondria. We have unpublished data with valinomycin that seem to confirm the findings (8) , although we did not detect significant differences between T and N mitochondria in sensitivity to 2,4-dinitrophenol. Unfortunately, only one inbred line with T and N cytoplasm was used in our experiments and in those of others (8) . More data are needed to establish a possible relationship between sensitivity to those compounds and sensitivity to HM-T toxin.
We found that nigericin plus K+ caused more uncoupling in T than in N mitochondria. Several considerations, however, argue against a common basis for sensitivity to nigericin and to toxin. The sensitivities of T and N mitochondria to nigericin did not differ so conclusively as was shown by toxin treatment. Monovalent cations such as K+ had little or no effect on the uncoupling action of toxin; such ions are required for significant uncoupling by nigericin (5) . Finally, only one line of T and its complementary line of N cytoplasm maize was used. Thus, further work will be needed to establish a possible relationship between toxin and nigericin sensitivities.
Changes in electron transfer or phosphorylation may result from secondary events that follow toxin uptake or a primary lesion; the major consideration is the basis of differences in sensitivity. Mitochondria from T cytoplasm plants have no obvious malfunctions prior to toxin treatment; rates of substrate oxidations and efficiency of energy coupling by T and N mitochondria are not significantly different. The cytochrome components of T mitochondria are normal, according to Pring (16) . These considerations suggest that sensitivity of mitochondria to toxin may be based on physiological or structural peculiarities not directly related to oxidative phosphorylation. The lag that occurs before uncoupling is fully expressed (Fig. 1 and Table I ) may fit such an interpretation; no such lag occurs following exposure to other uncoupling agents. Flavell (7) previously reported a similar lag in malate oxidation following exposure of T mitochondria to HM-T toxin. Such effects could be caused by permeability barriers encountered by toxin before it reaches the mitochondrial site.
It is conceivable that a barrier to toxin movement could be much more pronounced in N than in T mitochondria, thus accounting for differences in sensitivity. Data from others would fit such a hypothesis; Watrud et al. (24) reported that removal of the outer membrane from N mitochondria caused them to become sensitive to HM-T toxin, as measured by ability to oxidize malate. Some caution is needed, because it seems improbable that outer membranes can be removed without also changing the properties of inner membranes. However, the lag data plus the data from Watrud et al. (24) do appear to implicate relative permeability of mitochondrial membranes as a determinant of sensitivity to HM-T toxin. Further presumptive evidence is that T and N mitochondria appear to differ somewhat in sensitivity to certain ionophores and uncouplers.
A reversible effect of toxin on coupling in mitochondria from T cytoplasm plants was evident in "wash-out" experiments. Toxin-treated mitochondria recovered most of their phosphorylating capacity when toxin was removed. Mitochondria did not remove detectable amounts of toxin from solution. These data indicate that toxin is not firmly bound; instead, it may dissociate readily, with free toxin in equilibrium with bound toxin. The existence of such an equilibrium was first suggested by the hyperbolic nature of inhibition curves (Fig. 2) . These results are compatible with published data showing that growth of roots is inhibited by toxin following exposure for 1 hr, but that growth resumes about 6 hr after removal from toxin (2) . Altogether, it appears very unlikely that there is firm binding of HM-T toxin to toxin-sensitive sites in the susceptible cell.
This lack of firm binding of HM-T toxin contrasts with the situation described for the host-selective toxin from H. sacchari, which is said to bind irreversibly with a receptor site in the plasmalemma of sugarcane cells (22) . H. sacchari toxin reportedly forms a complex with a host protein in situ, and with a protein extracted from the host. Data on HV toxin from Helminthosporium victoriae suggest that the site of toxin recognition is also in the plasma membrane of the oat cell (20) . However, hostspecific binding of HV toxin by intact cells, tissues, and membrane preparations was not evident (19, 20) in experiments comparable to those described for H. sacchari toxin (22) . In this respect, the relationship of HV toxin to its site of action appears to be comparable to that of HM-T toxin rather than to that of H. sacchari toxin.
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